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Accurate motion detection requires neural circuitry
that compensates for global visual field motion.
Select subtypes of retinal ganglion cells perceive
image motion and connect to the accessory optic
system (AOS) in the brain, which generates compen-
satory eye movements that stabilize images during
slow visual field motion. Here, we show that the
murine transmembrane semaphorin 6A (Sema6A) is
expressed in a subset of On direction-selective
ganglion cells (On DSGCs) and is required for retinor-
ecipient axonal targeting to the medial terminal
nucleus (MTN) of the AOS. Plexin A2 and A4,
two Sema6A binding partners, are expressed in
MTN cells, attract Sema6A+ On DSGC axons, and
mediate MTN targeting of Sema6A+ RGC projec-
tions. Furthermore, Sema6A/Plexin-A2/A4 signaling
is required for the functional output of the AOS.
These data reveal molecular mechanisms underlying
the assembly of AOS circuits critical for moving
image perception.
INTRODUCTION
The detection of objectmotion is an essential visual system func-
tion mediated by direction-selective (DS) circuitry in the retina
and in retinorecipient brain regions targeted by DS retinal gan-
glion cells (RGCs). In addition to tracking moving objects, a crit-
ical function served by visual system DS responses is the ability
to compensate for global visual field motion. This can be caused
by the observer’s rapid head movements or by overall slow
movement of the observer through the visual scene. Failure to
execute image-stabilizing eye movements that compensate for
self-induced global visual field motion results in blurred image
perception. To prevent this, the accessory optic system (AOS)of the mammalian visual system and the vestibular system
converge to direct oculomotor output critical for image sta-
bilization (Simpson, 1984). The vestibular semicircular canals
compensate for rapid head movements by driving eye rotation
in the opposite direction to generate the vestibular ocular reflex
(VOR). The AOS, responding to slow velocity motion of the visual
field, elicits finely graded eye movements called the optokinetic
reflex (OKR) that compensate for retinal slip and stabilize slowly
moving images (Masseck and Hoffmann, 2009). The AOS consti-
tutes the primary visual systemmotion circuitry present in all ver-
tebrates, including humans (Fredericks et al., 1988; Kubo et al.,
2014; Masseck and Hoffmann, 2009; Simpson, 1984), and it in-
cludes subpopulations of DS ganglion cells (DSGCs) and their
central targets in the midbrain. In mice, these central targets
are the medial terminal nucleus (MTN) in the ventral region of
midbrain adjacent to the cerebral peduncle and substantia nigra,
and the dorsal terminal nucleus (DTN) and the nucleus of the
optic tract (NOT), which together are located in the dorsal
midbrain anterior to the superior colliculus (SC) (Dhande and
Huberman, 2014).
Although AOS anatomy was described over a century ago (re-
viewed in Simpson, 1984), the recent development of genetic
tools has aided in the identification and functional analysis of
its various components (Dhande et al., 2013; Kay et al., 2011; Tri-
plett et al., 2014; Yonehara et al., 2009; Yonehara et al., 2008).
AOS brain targets receive direct retinal input from both On
DSGCs and a subpopulation of On-Off DSGCs. On DSGCs,
which respond to bright objects moving at slow speed, are major
retinal AOS components. The dendrites of On DSGCs co-stratify
with On starburst amacrine cell (On SAC) dendrites in the S4 sub-
lamina of the retina. On DSGC axons project to all three AOS
nuclei in the midbrain: the MTN, DTN, and NOT (Dhande et al.,
2013; Yonehara et al., 2009; Yonehara et al., 2008). In addition
to On DSGCs, a newly discovered population of On-Off DSGCs
with relatively small dendritic fields and a preference for forward,
slow-velocity image motion target the NOT and SC (Dhande
et al., 2013). DSGC innervation of the different AOS brain targets
mediates distinct OKR responses; innervation of the MTN drives
vertical OKRs (vOKRs), whereas innervation of the DTN/NOTNeuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc. 971
mediates horizontal OKRs (hOKRs) (Fredericks et al., 1988; Pak
et al., 1987; Simpson, 1984).
Mammalian RGCs establish connections with central brain
targets during embryonic and early postnatal development
(Haupt and Huber, 2008). The assembly of visual system circuits
depends upon a series of accurately executed events during
neural development, including the following: emergence and
extension of RGC axons within the developing retina toward
the inner limiting membrane (ILM), outgrowth and guidance of
RGC axons out of the retina through the optic nerve head, segre-
gation of ipsilateral and contralateral RGC axon projections at
the optic chiasm, initial targeting of axons to various retinoreci-
pient brain regions, elaboration of synapses, and pruning and
refinement of RGC projections (Sanes and Zipursky, 2010). A
myriad of molecules and signaling pathways direct these events
during the assembly of the vertebrate main optic system,
including retinorecipient targeting and RGC projection refine-
ment (Haupt and Huber, 2008). For example, ephrins, Wnts,
and their receptors are required for topographic mapping of
RGC axons within the SC (McLaughlin and O’Leary, 2005;
Schmitt et al., 2006), and Eph receptor-dependent and indepen-
dent signaling pathways direct retinogeniculate targeting (Culi-
can et al., 2009; Nie et al., 2010). In zebrafish, slit-Robo signaling
along with extracellular matrix components sculpt laminae-spe-
cific targeting of RGC axons within the tectum (Robles and Baier,
2012). However, the mechanisms underlying retinorecipient tar-
geting to specific areas of the AOS remain unknown.
Here, we identify a guidance cue signaling pathway that is
essential for retinorecipient targeting during AOS development.
We show that plexin A2 (PlexA2)/PlexA4-semaphorin 6A
(Sema6A) signaling regulates On DSGC innervation of the
MTN, utilizing ‘‘reverse signaling’’ whereby Sema6A functions
as a receptor in RGC axons. The failure of On DSGCs to inner-
vate the MTN in the absence of PlexA2/PlexA4-Sema6A
signaling leads to specific OKR defects. These results provide
insight into how DSGCs establish connectivity with their retinor-
ecipient targets to support AOS visual behaviors.
RESULTS
Sema6A Is Expressed in On DSGCs, but Not TRHR-GFP+
or DRD4-GFP+ On-Off DSGCs
The transmembrane semaphorin Sema6A is expressed in On
SACs and is required for certain DS responses to fast-moving
objects in On-Off DSGCs (Sun et al., 2013). Our analysis of
Sema6A expression also revealed that it is expressed in a subset
of RGCs (Matsuoka et al., 2011b). To determine whether
Sema6A might play additional roles in the perception of image
motion, we identified the type(s) of RGCs that express Sema6A.
By examining co-expression of Sema6A and GFP in whole-
mount retinas from transgenic lines that express GFP in specific
subtypes of RGCs, we found that Sema6A is expressed in all
GFP+ On DSGCs labeled in the ventral retina of the SPIG1::GFP
knockin mouse line (Yonehara et al., 2008, 2009) (Figures 1A–
1A0 0 and S1A–S1D0 0). These On DSGCs have dendrites that strat-
ify together with On SACs in the inner plexiform layer (IPL) of the
retina, and they respond to relatively slow-velocity vertical image
motion (Yonehara et al., 2009). Furthermore, their axons project972 Neuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc.to the MTN, a central AOS retinorecipient target. SPIG1::GFP+
RGCs are Sema6A immune-positive throughout early postnatal
retina development (Figures S1A–S1D0 0 and S1E–S1H0 0; quanti-
fied in Figure 1I). In addition, Sema6A immunoreactivity is de-
tected in most Hoxd10-GFP+ RGCs (Figures 1B–1B0 0; quantified
in Figure 1I) in retinas from a BAC transgenic line (Hoxd10-GFP)
in which GFP is expressed in all three populations of AOS On
DSGCs: On DSGCs that respond to lower-velocity upward,
downward, or forward motion, and also a small population of
AOS On-Off DSGCs that respond to forward lower-velocity
image motion (Dhande et al., 2013). Thus, RGCs that project to
AOS structures in the brain express Sema6A.
To further investigate Sema6A protein distribution, we per-
formed ocular injections of cholera toxin subunit B conjugated
with Alexa555 (CTB-555) to label RGC axon projections,
including those to the MTN (the major retinorecipient target of
On DSGCs tuned to slow motion detection along the dorsal-
ventral axis [Yonehara et al., 2008]), followed by Sema6A immu-
nohistochemistry. We found that Sema6A immunoreactivity
co-localizes with CTB-555 fluorescence (Figures 1C–1C0 0). We
also utilized an alkaline phosphatase (AP) colorimetric reaction
in the Sema6A heterozygous mouse line that harbors a ‘‘PLAP
Trap’’ insertion in a Sema6A intron, and thus expresses AP
robustly in axons extending from Sema6A+ neurons (Leighton
et al., 2001), to identify RGC axon projections that are Sema6A+.
We found that the AP reaction product is present in axons
that include those which innervate the MTN (Figures 1D–1D0 0 0,
white arrows). These results show that Sema6A is expressed
in On DSGCs and strongly suggest that Sema6A protein is pre-
sent in both cell bodies and axons of On DSGCs that innervate
the MTN.
A second major population of DSGCs, On-Off DSGCs, stratify
their dendrites with both On and Off SACs in the IPL, project
their axons to the dorsal lateral geniculate nucleus (dLGN) of
the thalamus and the SC in the dorsal midbrain, and include
RGCs that respond to higher-velocity image motion in all four
cardinal directions (Dhande and Huberman, 2014). Is Sema6A
expressed in these On-Off DSGCs? We performed whole-
mount Sema6A immunohistochemistry on retinas derived from
DRD4-GFP and TRHR-GFP mice, two well-characterized BAC
transgenic lines that genetically label subpopulations of On-
Off DSGCs (Huberman et al., 2009; Kay et al., 2011; Rivlin-
Etzion et al., 2011). Sema6A immunoreactivity is not detected
in DRD4-GFP+ (Figures 1E–1E0 0 and S1I–S1L0 0) and is observed
in only a very small fraction of postnatal day 1 (P1) TRHR-GFP+
(Figures 1F–1F0 0 and S1M–S1P0 0) RGC cell bodies (quantified in
Figure 1I). In addition, Sema6AAP+ fibers are not present in the
outer shell of the dLGN (Figures 1G–1G0 0) or the superficial layer
of the SC (Figures 1H–1H0 0), two well-characterized On-Off
DSGC retinorecipient targets (Rivlin-Etzion et al., 2011), in
mice heterozygous for the PLAP-Trap Sema6A allele. Moreover,
we found that at P10 Sema6A immunoreactivity does not co-
localize with cocaine- and amphetamine-regulated transcript
(CART) (Figures S1Q–S1Q0 0), a marker for the vast majority of
On-Off DSGCs, but not for Hoxd10-GFP+ On-Off DSGCs
(Dhande et al., 2013; Kay et al., 2011). Therefore, Sema6A is a
marker of AOS RGCs, but is not expressed by On-Off DSGCs
involved in image formation.
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Figure 1. Sema6A Is Expressed in On DSGCs, but Not TRHR-GFP+ or DRD4-GFP+ On-Off DSGCs
(A–B0 0) Double immunostaining of SPIG1::GFP+ (A–A0 0) and Hoxd10-GFP+ (B–B0 0) RGCs by antibodies directed against GFP (green in A and B) and mouse
Sema6A (red in A0 and B0), showing that both SPIG1::GFP+ and Hoxd10-GFP+ cells express Sema6A (merged in A0 0 and B0 0, respectively).
(C–C0 0) Postnatal day 2 (P2) coronal brain sections showing that the axons innervating the medial terminal nucleus (MTN), labeled here by ocular injection of CTB-
555 (C), are Sema6A immuno-positive (C0 and C0 0 ).
(D–D0 0 0) Colorimetric alkaline phosphatase (AP) enzymatic activity assay in adult Sema6A heterozygous mice (this line harbors a Sema6A AP ‘‘trap’’ allele and so
expresses AP in Sema6A+ tissues [Leighton et al., 2001]) reveals in coronal brain sections that retinal axons innervating theMTN (D, labeled by CTB-555 injection)
express AP (D0 and D0 0), providing additional evidence that Sema6A is expressed by On DSGCs that target to the MTN (n = 7 animals). (D0) is the enlarged view of
the white inset in (D0 0 0).
(E–F0 0) Double immunostaining of DRD4-GFP+ (E–E0 0) and TRHR-GFP+ (F–F0 0 ) On-Off DSGCs with antibodies directed against GFP (E and F) and mouse Sema6A
(E0 and F0), showing that Sema6A is not expressed by DRD4-GFP+ or TRHR-GFP+ cells (E0 0 and F0 0 ).
(G–H0 0) RGC axon targeting to the dorsal lateral geniculate nucleus (dLGN, G) and the superior colliculus (SC, H) observed in coronal brain sections following
labeling by ocular injection of CTB-555 and subsequent AP enzymatic reactions (G0 and H0), showing that RGC axons innervating the dLGN ‘‘shell’’ region and the
superficial region of SC are AP (G0 0 and H0 0).
(I) Quantification of the ratio of Sema6A and GFP double-immuno-positive cells to total GFP+ cells in SPIG1::GFP, Hoxd10-GFP, DRD4-GFP, and TRHR-GFP
retinas throughout early-postnatal retinal development (nR 5 sample areas from 2–4 retinas of each genotype). For SPIG1::GFP retinas; 68 GFP+ and Sema6A+
cells/68 total cells at P1 (100%), 39/39 at P3 (100%), and 69/69 at P10 (100%). For Hoxd10-GFP retinas; 49/54 at P1 (90.74%), 96/127 at P3 (75.59%), and 123/
137 at P10 (89.78%). For DRD4-GFP retinas; 9/215 at P1 (4.19%), 3/87 at P3 (3.45%), and 2/216 at P10 (0.93%). For TRHR-GFP retinas; 74/325 at P1 (22.77%),
7/213 at P3 (3.29%), and 3/159 at P10 (1.89%). Error bars indicate SEM. Scale bars, 10 mm in (A) for (A)–(B0 0) and (E)–(F0 0); 100 mm in (C) for (C)–(C0 0); 200 mm in (D)
for (D)–(D0 0); 200 mm in (D0 0 0); and 200 mm in (G) for (G)–(H0 0).Sema6A Is Required for the Development of AOS
Trajectories
The selective expression of Sema6A in cell bodies and axons of
On DSGCs raised the possibility that Sema6A directly partici-
pates in the development of these neurons. We first analyzed
the central projections of On DSGCs in wild-type (WT) andSema6A/ null mutants using ocular CTB injections. In WT
adult mice, innervation of the MTN, a major On DSGC central
target, can be visualized on the ventral brain surface in whole-
mount preparations (white arrows in Figure 2A) and also in
coronal brain sections (white arrow in Figure 2B). Axon projec-
tions to the MTN in Sema6A/ mutants are greatly diminishedNeuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc. 973
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Figure 2. Sema6A Is Required for the Devel-
opment of AOS Trajectories
(A and B) Whole-mount ventral view (A) and cross-
sectional view (B, higher magnification to reveal
the MTN) of adult WT mouse brains with ocular
injections of CTB-488 and CTB-555 bilaterally. WT
mice exhibit robust RGC-MTN innervation (white
arrows in A and B) (n = 7 WT mice).
(A0 and B0) RGC-MTN innervation in Sema6A/
mutants is greatly diminished, as observed in a
ventral whole-mount view (A0 ) and a cross-
sectional view (B0) (n = 13 Sema6A/ mutants,
with phenotypes observed with full penetrance
and expressivity).
(C–D0) The On DSGC-MTN axon trajectory is illu-
minated by the SPIG1::GFP reporter in Sema6A+/
(C and D) and Sema6A/ brains (C0 and D0). RGC-
MTN innervation is prominent in P2 control animals
(yellow arrows in C and D), whereas it is mostly
abolished in Sema6A/mutants (C0 and D0) (n = 3
animals for both genotypes).
(E–F0 ) Additional AOS trajectories are revealed by
the Hoxd10-GFP reporter in Sema6A+/ (E and F)
and Sema6A/ mice (E0 and F0 ). Compared to
control (white arrow in E), dorsal terminal nucleus
(DTN) innervation is reduced in Sema6A/ mu-
tants (red arrowhead in E0). Innervation of the nu-
cleus of optic tract (NOT) is apparently preserved
in Sema6A/ mutants (compare F and F0) (n R 4
animals for both genotypes).
(G–H0) TRHR-GFP+ On-Off DSGC axons project to
the shell of dLGN (G) and the superficial layer of SC
(H) in control animals. Sema6A/mutants (G0 and
H0) exhibit similar innervation patterns compared to
controls (G and H) (n = 3 animals for both geno-
types). Scale bars, 1 mm in (A) for (A) and (A0 );
200 mm in (B) for (B) and (B0); 1 mm in (C) for (C) and
(C0); 200 mm in (D) for (D) and (D0); 200 mm in (F0 ) for
(E)–(F0); 200 mm in (G0) for (G) and (G0); and 200 mm
in (H0 ) for (H) and (H0).(Figures 2A0 and 2B0). Although there is residual innervation of the
dorsal-most and ventral-most regions of the MTN, axon projec-
tions to most of the MTN are absent in Sema6A/ mutants (n =
13 animals, phenotype observed with complete penetrance and
expressivity). To further investigate On DSGC-MTN innervation,
we used two mouse lines that genetically label On DSGCs:
SPIG1::GFP, which labels a subset of MTN-innervating On
DSGCs from embryonic stage e12.5 to postnatal developmental
stages up to P13 (Yonehara et al., 2008, 2009), when the GFP
signal becomes veryweak; andHoxd10-GFP, which labels all On
DSGCs from late embryonic stages through adulthood (Dhande
et al., 2013; Osterhout et al., 2014). We observed GFP expres-
sion following introduction of these GFP alleles into Sema6A/
mutants and found that both SPIG1::GFP+ (Figures 2C–2D0) and
Hoxd10-GFP+ (Figures S2A and S2B0) projections that innervate
the MTN are greatly diminished in Sema6A/ mutants,
providing additional support for the conclusion that Sema6A is
required for On DSGC connectivity with the MTN.
In addition to the MTN, AOS On DSGCs also innervate two
additional midbrain targets: the DTN and the NOT (Simpson,
1984). To characterize On DSGC axonal innervation of these
AOS retinorecipient targets, we performed ocular CTB injections974 Neuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc.and genetic labeling experiments in control and Sema6A/mu-
tants. Compared to the controls, Sema6A/ On DSGC axonal
projections to the DTN are reduced, but still present (Figures
2E, 2E0, S2G, and S2G0), whereas innervation of the NOT is unaf-
fected (Figures 2F, 2F0, S2H, and S2H0). Thus, Sema6A is
partially required for On DSGC-DTN innervation, but is appar-
ently dispensable for projections to the NOT.
Is Sema6A required for retinorecipient targeting by other clas-
ses of RGCs? We first utilized ocular CTB injections to assess
general RGC targeting in control and Sema6A/ mutants.
Compared toWT,Sema6A/mutants exhibit normalRGC inner-
vation of the LGN (Figures S2C and S2C0), SC (Figures S2D and
S2D0), suprachiasmatic nucleus (SCN) (Figures S2E and S2E0),
and olivery pretectal nucleus (OPN) (Figures S2F and S2F0). We
next characterized the axonal projections of Sema6A immuno-
negative On-Off DSGCs in Sema6A/ mutants. We crossed
the TRHR-GFP and DRD4-GFP reporter alleles into Sema6A+/
and Sema6A/ backgrounds, genetically labeling the central
projections of these two types of On-Off DSGC. In Sema6A+/
mice, both TRHR-GFP+ andDRD4-GFP+ axons target the ‘‘shell’’
region of the dLGN (Figures 2G and S2I) and the superficial layer
of the SC (Figures 2H and S2M) (see also Rivlin-Etzion et al.,
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Figure 3. Developmental Characterization
of On DSGC-MTN Innervation in Sema6A–/–
Mutants
(A–D0 ) On DSGC-MTN innervation revealed by
SPIG1::GFP in Sema6A+/ (A–D) and Sema6A/
animals (A0–D0) throughout embryonic develop-
ment. In control animals, SPIG1::GFP+ RGC axons
arrive at the ventral MTN region as early as e14.5
(A), and the progression of MTN innervation is
observed from e16.5 (B) to e18.5 (C). In Sema6A/
mutants, On DSGC axons arrive at the target at
e14.5 (A0) and appear normal. However, by e16.5
these axons become defasciculated (red arrows
in B0) and exhibit a much broader innervation
pattern in the region of the MTN compared to the
control. These axons then begin to disappear
throughout late embryonic development (C0 and D0;
quantification of innervation defects in Figure S3C;
n R 3 animals for each developmental stage and
for both genotypes analyzed).
(E) Quantification of the normalized, integratedGFP
fluorescence to determine fiber density in controls
and Sema6A/ mutants.
(F–I0) Characterization of SPIG1::GFP+ On DSGCs
in the ventral region of Sema6A+/ (F–I) and
Sema6A/ (F0–I0 ) retinas. No difference was
observed between control and Sema6A/ mu-
tants at e16.5 or at e18.5 (compare G and G0, H and
H0, and quantification in J). However, Sema6A/
mutants (I0) exhibit dramatically reduced numbers
of GFP+ cells at P1 as compared to control (I) (nR 3
animals for each developmental stage and for both
genotypes analyzed).
(J) Quantification of SPIG1::GFP+ cells in the
ventral retina of Sema6A+/ and Sema6A/ mice.
(K and K0) Representative images of a tile-scanned,
flat-mounted Hoxd10-GFP; Sema6A+/ retina (K)
and a Hoxd10-GFP; Sema6A/ retina (K0),
showing that Hoxd10-GFP; Sema6A/ retinas
harbor fewer GFP+ RGCs.
(L) Quantification of Hoxd10-GFP+ cells in control
and Sema6A/ retinas (n = 8 Hoxd10-GFP;
Sema6A+/ retinas, and n = 6 Hoxd10-GFP;
Sema6A/ retinas). Error bars indicate SEM. *p <
0.0001. Scale bars, 100 mm in (A)–(I0) and 1 mm in
(K0) for (K) and (K0).2011). In Sema6A/ mutants, both TRHR-GFP+ and DRD4-
GFP+ On-Off DSGCs exhibit normal dLGN (Figures 2G0 and
S2I0) and SC (Figures 2H0 and S2M0) innervation, showing that
Sema6A is not required for retinorecipient targeting by these
On-Off DSGCs. In addition, analysis of other RGC subtypes re-
vealed no obvious defects with respect to retinorecipient target-
ing to the dLGN ‘‘core’’ (revealed by CB2-GFP; Huberman et al.,
2008b [Figures S2J and S2J0]; IGL and vLGN [revealed by Cdh3-
GFP; Osterhout et al., 2011; Figures S2K and S2K0]; and OPN
[revealed by Cdh3-GFP; Osterhout et al., 2011; Figures S2L
andS2L0]) inSema6A/mutants. Therefore, Sema6A is requiredNeuron 86, 971–specifically for the innervation of a subset
of AOS targets in the brain.
Retinorecipient targeting proceeds in
multiple steps, including initial targetingby early-arriving RGC axons, subsequent innervation by follower
axons, and pruning to remove excess projections (Haupt and
Huber, 2008; Huberman et al., 2008a). In which phase does
Sema6A act to pattern On DSGC axonal innervation? We
addressed this question by analyzing the innervation pattern
of SPIG1::GFP+ RGC axons throughout embryonic and early
postnatal visual system development. In control animals,
SPIG1::GFP+ axons are observed at their ventral midbrain target
at e14.5 (Figure 3A). Additional SPIG1::GFP+ axons reach the
MTN at e16.5 (Figure 3B), and MTN innervation by RGCs
becomes apparent throughout late embryonic development984, May 20, 2015 ª2015 Elsevier Inc. 975
(Figures 3C and 3D) (Yonehara et al., 2008). In Sema6A/ mu-
tants, SPIG1::GFP+ fibers reach their target at e14.5 (Figure 3A0),
similar to what we observe in Sema6A+/ controls: both normal-
ized fiber intensity (a measure of total innervation of the MTN re-
gion; see Supplemental Experimental Procedures) and total
innervation area (see Supplemental Experimental Procedures)
were not significantly different (Figures 3E and S3C). However,
at e16.5,Sema6A/;SPIG1::GFP+ fibers appear defasciculated
and innervate a much broader area in the region of the MTN
compared to controls (red arrows in Figure 3B0, quantified in Fig-
ure S3C). Interestingly, the normalized fiber intensities at e16.5
are the same in Sema6A/ mutants and controls (quantified in
Figure 3E), suggesting that RGC axons innervating the MTN do
not retract or degenerate at this early developmental stage.
These innervation defects becomemore severe at later develop-
mental stages, as reflected by the significant reduction in the in-
tensity of GFP expression over the MTN region as development
proceeds (Figures 3C0 [e18.5] and 3D0 [P1]; quantification in Fig-
ures 3E and S3C). Thus, On DSGC axons reach the MTN in
Sema6A/ mutants during early embryonic stages, but mutant
On DSGC axons innervate the MTN in a defasciculated fashion,
rather than as a discrete bundle, and extend over a wide region in
the vicinity of the MTN. By e18.5, reduced innervation in
Sema6A/ mutants is apparent in the ventral MTN (vMTN) re-
gion. This reduction in innervation continues as development
proceeds and is quite robust by P1 (Figures 3A–3D0; quantified
in Figure 3E).
The On DSGC-MTN innervation defects observed in
Sema6A/ mutants raise the critical issue of whether On
DSGC cell number is altered in these mutants. To address this
question, we used the SPIG1::GFP allele to label On DSGC cell
bodies throughout retina development. Sema6A/; SPIG1::
GFP+ RGC cell number is the same as what we observe in
Sema6A+/; SPIG1::GFP+ RGCs at e14.5 (Figures 3F, 3F0, S3F,
and S3F0 0). Importantly, loss of Sema6A does not affect
SPIG1::GFP+ cell numbers at later embryonic stages, when the
On DSGC-MTN innervation defects in Sema6A/ mutants are
already prominent (at e16.5, Figures 3G, 3G0, S3G, and S3G0;
and at e18.5, Figures 3H, 3H0, S3H, and S3H0). RGC apoptosis
during retinal development is normally apparent by e18.5 (Pe-
quignot et al., 2003), and this is reflected in the reduction of
GFP+ On DSGCs we observe in SPIG1::GFP; Sema6A+/ retinas
from late embryogenesis to P10 (Figures 3F–3I and S3F–S3K,
quantified in Figure 3J). However, we observe in SPIG1::GFP;
Sema6A/ retinas that GFP+ RGC cell number exhibits a
greater decrease than in controls, starting at P1 and continuing
throughout early postnatal retina development (Figures 3F0–3I0
and S3F0–S3K0, quantified in Figure 3J). By P10, SPIG1::GFP;
Sema6A/ retinas exhibit 68% of the number of GFP+ RGCs
observed in SPIG1::GFP; Sema6A+/ retinas (control GFP+ cell
number in the ventral retina, 304.7 ± 9.4; Sema6A/ GFP+ cell
number in the ventral retina, 95.8 ± 7.1; mean ± SEM, p <
106). Cell apoptosis analysis also reveals a significant increase
in SPIG1::GFP; Sema6A/ retinas at e18.5 as compared to con-
trols with respect to RGCs that are immuno-positive for both
SPIG1::GFP and Cleaved-Caspase3 (Figures S4G–S4I0, quanti-
fied in Figure S4J); this shows that an increased number of
Sema6A/; SPIG1::GFP+ RGCs undergo cell apoptosis during976 Neuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc.late embryogenesis compared to apoptosis normally observed
at this stage in Sema6A+/; SPIG1::GFP+ retinas. Therefore,
Sema6A+ On DSGC axons project to, and elaborate within, the
MTN region during embryonic development. In the absence of
Sema6A, On DSGCs exhibit aberrant MTN innervation that is
apparent at e16.5 and at e18.5, developmental time points
when On DSGC cell number in this mutant remains similar to
controls. However, by P1, MTN innervation defects become
apparent, as does enhanced On DSGC apoptosis.
To determine whether the reduction in GFP+ RGCs in
Sema6A/ mutants is not particular to SPIG1::GFP reporter
mice, we also characterized GFP+ RGC number using the
Hoxd10-GFP reporter in Sema6A+/ and Sema6A/ genetic
backgrounds. An advantage of using Hoxd10-GFP is that in
this line GFP expression persists throughout adulthood (Dhande
et al., 2013; Osterhout et al., 2014), unlike the SPIG1::GFP re-
porter, in which GFP expression diminishes in the ventral retina
during postnatal development and ceases by P13 (Yonehara
et al., 2008). Compared to control retinas, Sema6A/;
Hoxd10-GFP+ RGC number exhibits a significant decrease of
37% in retinas of 3-week-old animals (compare Figures 3K
and 3K0; quantified in Figure 3L; Sema6A+/; Hoxd10-GFP+ cell
density, 189.6 ± 5.8/mm2; and Sema6A/; Hoxd10-GFP+ cell
density, 118.9 ± 7.0/mm2; mean ± SEM, p < 105). The decrease
in GFP+ RGC number in P21 Hoxd10-GFP; Sema6A/ mutants
is much less than that observed in P10 SPIG1::GFP; Sema6A/
mutants (37%compared to68%, respectively), and this likely
reflects differences in AOS RGC populations labeled by these
two reporters. SPIG1::GFP labeling includes On DSGCs in the
ventral retina tuned for upward-directed motion (Yonehara
et al., 2009), whereas Hoxd10-GFP labels On DSGCs tuned for
upward, downward, and forward-directed motion, in addition
to a newly defined population of forward motion-tuned On-Off
DSGCs (Dhande et al., 2013). Sema6A/mutants show retinor-
ecipient connectivity defects that most strongly compromise
MTN innervation, suggesting that Sema6A is required in only a
subset of the AOS RGCs labeled by the Hoxd10-GFP reporter.
Indeed, increased RGC apoptosis observed in Hoxd10-GFP;
Sema6A/ retinas compared to controls can be accounted
for by loss of a significant fraction of the On DSGCs tuned for
vertical motion detection and that innervate the MTN, with
the concomitant retention of the other classes of AOS RGCs.
Our results strongly suggest that the early Sema6A/ On
DSGC-MTN innervation phenotypes contribute to the later-
increased apoptosis of these DSGCs.
Sema6A is expressed in On SACs (Sun et al., 2013), but not in
TRHR-GFP+, DRD4-GFP+, or CART+ On-Off DSGCs (Figures 1
and S1). Loss of Sema6A does not lead to a change in On SAC
cell number, as revealed by anti-ChAT flatmount retinal staining
in Sema6A/ mutants and controls (Figures S3D and S3D0,
quantified in Figure S3E). Further, we find that the number of
Brn3b+ RGCs (Brn3b+ RGCs constitute 80% of total RGCs;
Badea et al., 2009) is the same in controls and Sema6A/ mu-
tants at P3 (Figures S4K and S4L), suggesting that loss of
Sema6A only affects a subset of On DSGCs (1% of total
RGCs; Yonehara et al., 2008). As expected, RGC subtypes
that do not express Sema6A, including TRHR-GFP+ and
DRD4-GFP+ (Figure 1), show no evidence of increased cell loss
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Figure 4. PlexA2 and A4 Are Expressed in
the MTN, and PlexA2–/– and PlexA4–/– Single
Mutants Exhibit Normal On DSGC-MTN
Innervation
(A–B0) Expression of PlexA2 in the MTN using
ocular CTB injections (A0 and B0 ) and the PlexA2
LacZ reporter encoded in the PlexA2 conditional
allele (Sun et al., 2013) (A and B), revealing that
PlexA2LacZ+ cells are abundant in the ventral region
of theMTN at P3 and in the adult (black arrowheads
in A and B, respectively; n = 3 animals at each
developmental stage).
(C–D0 0 ) Immunostaining of PlexA2 (C) and PlexA4
proteins (D) in the MTN at e18.5 along with
SPIG1::GFP+ axon fibers to delineate the ventral
MTN region (C0 and D0). PlexA2 and PlexA4 pro-
teins (C and D, respectively) are expressed in the
MTN region, and PlexA2+ and PlexA4+ cells (red
boxes in C and D, respectively) are in very close
proximity to SPIG1::GFP+ fibers (red boxes in C0
and D0 and white boxes in C0 0 and D0 0).
(E–H) Characterization of RGC-MTN innervation
in PlexA2+/ (E and G) and PlexA2/ (F and H)
animals by ocular CTB injections (E and F) and
by genetic labeling (G and H). No obvious
defects are observed in PlexA2/ mutants (n = 6
PlexA2+/ mice, n = 8 PlexA2/ mice, n = 3
SPIG1::GFP; PlexA2+/ and 3 SPIG1::GFP;
PlexA2/ mice).
(I–L) Whole-mount ventral view (I and J) and cross-
sectional view (K and L) of On-DSGC MTN inner-
vation visualized by ocular CTB injections in WT
(I and K) and PlexA4/ mutants (J and L). On
DSGC-MTN innervation appears normal in
PlexA4/mutants (compare I and J, K, and L; also
see Matsuoka et al., 2011b; Figure S6) (n = 4 WT; n = 5 PlexA4/mutants). Scale bars, 250 mm in (B0) for (A)–(B0 ); 100 mm in (D0 0) for (C)–(D0 0); 10 mm in the inset of
(D0 0) for insets of (C)–(D0 0 ); 250 mm in (F) for (E) and (F); 250 mm in (H) for (G) and (H); 1 mm in (J) for (I) and (J); and 250 mm in (L) for (K) and (L).in Sema6A/ mutants (Figures S4A–S4E0, quantified in Fig-
ure S4F). Therefore, Sema6A is not generally required in retinal
neurons for cell survival.
PlexA2 and PlexA4 Together Mediate Sema6A-
Dependent On DSGC-MTN Innervation through Reverse
Signaling
In the absence of Sema6A, On DSGCs arrive in the vicinity of the
MTN, but extendmore broadly in the region of theMTN such that
normal target recognition fails, which leads to the subsequent
death of a large fraction of theseOnDSGCs.What are themolec-
ular mechanisms utilized by Sema6A to direct On DSGC-MTN
innervation?
PlexA2 serves as a functional Sema6A receptor in several neu-
ral tissues including the hippocampus, the cerebellum, and the
retina (Renaud et al., 2008; Sun et al., 2013; Suto et al., 2007).
For example, PlexA2/ mutants phenocopy Sema6A/ mu-
tants with respect to deficits in dendritic development of On
SACs, a cell type that provides presynaptic inhibitory input
onto On DSGCs (Sun et al., 2013). PlexA4, along with PlexA2,
is also a functional Sema6A receptor in the hippocampus, in
subcortical projections to the spinal cord, and in the retina (Mat-
suoka et al., 2011b; Ru¨nker et al., 2008; Suto et al., 2007).
In addition, PlexA2 and PlexA4 receptors together mediate
Sema6A/6B-dependent development of hippocampal mossyfibers (Suto et al., 2007; Tawarayama et al., 2010). However,
neither PlexA2 nor PlexA4 is expressed in RGCs (Matsuoka
et al., 2011a).
We asked if PlexA2 and/or PlexA4 are expressed in the MTN
such that they could direct On DSGC-MTN connectivity during
AOS development. We utilized a PlexA2 reporter line in which
Cre-dependent recombination results in expression of LacZ un-
der the control of the endogenous PlexA2 promoter (Sun et al.,
2013). Following germline Cre (Sox2-Cre)-dependent recombi-
nation we observed X-gal staining in cells residing in the ventral
region of the MTN (Figures 4A–4B0; see black arrowheads in Fig-
ures 4A and 4B). This putative PlexA2 expression pattern was
confirmed by performing double immunohistochemistry in the
MTN region using antibodies specific for PlexA2 (Suto et al.,
2007) and GFP on SPIG1::GFP embryonic brain sections (Fig-
ures 4C–4C0 0). We found that PlexA2 protein is localized in the
vMTN region at e18.5, and in addition, robust PlexA4 immunore-
activity is also found in the vMTN region at e18.5 (Figures 4D–
4D0 0); the specificity of both antibodies has been previously
demonstrated in mutant brains (Suto et al., 2007) and retinas
(Matsuoka et al., 2011a, 2011b). We also observed that neither
PlexA2 nor PlexA4 immunoreactivity in the vMTN apparently
co-localizes with the SPIG1::GFP reporter signal in On DSGC
axons (insets in Figures 4C–4C0 0 and 4D–4D0 0), supporting our
previous observation that these plexins are not expressed inNeuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc. 977
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Figure 5. PlexA2–/–;PlexA4–/– Double Mu-
tants Phenocopy Sema6A–/– Single Mutants
with Respect to On DSGC-MTN Innervation
(A and A0) Ventral whole-mount view of PlexA2+/;
PlexA4+/ (A) and PlexA2/;PlexA4/ (A0) adult
brains following ocular injectionswith CTB-488 and
CTB-555 bilaterally. Prominent projections to the
MTN were observed in PlexA2+/;PlexA4+/ ani-
mals (white arrows in A), whereas MTN innervation
is greatly diminished in PlexA2/;PlexA4/ mu-
tants (A0), phenocopying Sema6A/mutants (n = 9
PlexA2+/; PlexA4+/ mice; n = 9 PlexA2/;
PlexA4/ mutants, with 8/9 showing full expres-
sivity).
(B–D0) Cross-sectional views of the accessory optic
visual system in PlexA2+/;PlexA4+/ (B–D) and
PlexA2/;PlexA4/ (B0–D0) mice. Compared to
controls, PlexA2/;PlexA4/ mutants exhibit
greatly reduced MTN innervation (B0), a complete
loss of DTN innervation (red arrowhead in C0 ),
but apparently normal NOT innervation (white
arrow in D0).
(E–H0) CharacterizationofRGCaxonal innervation to
image-forming (E, E0, F, F0) and non-image-forming
(G, G0, H, H0) retinorecipient targets in controls (E–H)
and PlexA2/;PlexA4/ mutants (E0–H0). In com-
parison tocontrols, thesegregationof ipsilateral and
contralateral retinal projections and general reti-
norecipient targeting are preserved in PlexA2/;
PlexA4/mutants (n =9PlexA2+/;PlexA4+/mice;
n = 9 PlexA2/;PlexA4/mutants).
(I and I0) Removal of PlexA2 genetically in a
PlexA4/ mutant background (I0) results in similar
MTN innervation as in the control (I), showing that
retina-derived PlexA2 is not required for normal
development of On DSGC-MTN projections (n = 4
animals for both genotypes). Scale bars, 250 mm.RGCs (Matsuoka et al., 2011a). Taken together, these results
suggest a ‘‘reverse signaling’’ scenario whereby target-derived
PlexA2 and A4 together serve as ligands for Sema6A expressed
on On DSGC axons. In this model, transmembrane Sema6A,
which has a cytoplasmic domain, functions as a receptor.
To ask whether PlexA2 or PlexA4 regulates Sema6A+ On
DSGC retinorecipient targeting, we analyzed On DSGC-MTN
innervation in PlexA2/ and PlexA4/ single mutants. We
found that PlexA2/ mutants exhibit normal development of
On DSGC-MTN trajectories, as revealed by CTB ocular injec-
tions (Figures 4E and 4F) and also by genetic labeling using
SPIG1::GFP reporter mice (Figures 4G and 4H). In addition, we
found that RGC projections to all other retinorecipient brain
targets are generally normal in PlexA2/ mutants (Figures
S5A–S5E0 and S5G–S5K0). Furthermore, all AOS RGC axon tra-
jectories are apparently formed normally in PlexA4/ mutants
(Figures 4I–4L), as are most other retinorecipient connections
(Figures S6A and S6B0), consistent with our previous findings
(Matsuoka et al., 2011b). These results show that neither PlexA2
nor PlexA4 alone mediates Sema6A-dependent On DSGC-MTN
innervation.
To address whether PlexA2 and A4 act redundantly to direct
On DSGC innervation of the MTN, we generated PlexA2/;
PlexA4/ double-mutant mice. PlexA2/;PlexA4/ mice are
viable and fertile, and ocular CTB injections reveal that these978 Neuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc.double mutants exhibit compromised MTN targeting, as seen
in whole-mount preparations on the ventral brain surface
(Figures 5A and 5A0) and in coronal brain sections (Figures 5B
and 5B0; n = 9 animals, and 8/9 show this phenotype), phenoco-
pying Sema6A/ mutants. Interestingly, PlexA2/;PlexA4/
double mutants show completely abrogated DTN innervation
(Figures 5C and 5C0; n = 9; 8/9 double mutants exhibit this
phenotype). This DTN innervation phenotype is much more
severe than that observed in Sema6A/ mutants, suggesting
that additional cues collaborate with Sema6A to regulate
PlexA2/A4-dependent development of On DSGC-DTN trajec-
tories. PlexA2/;PlexA4/ double mutants exhibit generally
normal retinorecipient targeting to one additional AOS target
(the NOT, Figures 5D and 5D0), image-forming targets (the
LGN, Figures 5E and 5E0; and the SC, Figures 5F and 5F0), and
also non-image-forming retinorecipient targets (the SCN, Fig-
ures 5G and 5G0; and the OPN, Figures 5H and 5H0). Importantly,
conditional removal of PlexA2 in the neural retina using Six3-Cre
(Furuta et al., 2000) in a PlexA4/ background (Matsuoka et al.,
2011b; Sun et al., 2013) does not result in any On DSGC-MTN
innervation defects (Figures 5I and 5I0) or targeting defects to
the DTN and NOT (Figures S6C and S6D0). These results show
that these plexins do not function in the retina to mediate retinor-
ecipient targeting of On DSGCs. Other PlexA (PlexA1/;
PlexA3/ double-KO, Figure S6E) and neuropilin mutants
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Figure 6. PlexA2 and A4 Function as Attractive Cues for SPIG1::GFP+ On DSGC Neurites In Vitro
(A–D0) Fluorescent ligand binding assay showing that PlexA2 and PlexA4 ectodomain recombinant proteins only bind to COS7 cells that express mouse Sema6A
in vitro (C0 and D0).
(E–G0) The ventral region of SPIG1::GFP; Sema6A+/+ retinas was dissected out and cultured on plates coated with recombinant proteins presented as ‘‘stripes’’
(Sun et al., 2013). After 2 days in vitro, SPIG1::GFP+ neurites that extended from explants show no preferences for AP-Fc stripes (E and E0). In contrast,
SPIG1::GFP+ neurites preferentially grew on PlexA2Ecto-Fc and PlexA4Ecto-Fc recombinant protein stripes (yellow arrowheads in F and G, respectively) (n = 19
explants on AP-Fc stripes, n = 17 explants on PlexA2ecto-Fc stripes, and n = 21 explants on PlexA4ecto-Fc stripes; the explants were from nine embryos).
(H–J0) SPIG1::GFP+ neurites extending from SPIG1::GFP; Sema6A/ ventral retina explants exhibit no preference for AP-Fc (H and H0), PlexA2Ecto-Fc (I and I0), or
PlexA4Ecto-Fc stripes (J and J0) (n = 21 explants on AP-Fc stripes, n = 24 explants on PlexA2Ecto-Fc stripes, and n = 35 explants on PlexA4Ecto-Fc stripes; explants
were from nine embryos).
(K) Quantification of GFP+ neurite length on stripes over the total GFP+ neurite length in the stripe assay. Red bars represent the mean for each group. *p < 106.
Scale bars, 100 mm in (D0) for (A)–(D0) and 100 mm in (J0) for (E)–(J0).(Figures S6F–S6H) exhibit normal On DSGC-MTN innervation,
demonstrating that these semaphorin receptors are not required
for On DSGC-MTN innervation. Taken together, these results
strongly support the idea that Sema6A-PlexA2/A4 ‘‘reverse’’
signaling mediates On DSGC-MTN retinorecipient targeting.
To test whether PlexA2 or A4 can indeed function as ligands to
attract Sema6A+ On DSGC neurites, we conducted guidance
assays using retinal explants grown in culture on alternating
‘‘stripes’’ coated with protein that consists of extracellular plexin
domains. We first determined that PlexA2 and PlexA4 ectodo-
mains fused to Fc bind to COS7 cells that express Sema6A (Fig-
ures 6A–6D0 and S7A). We then cultured retinal explants from the
ventral region of SPIG1::GFP; Sema6A+/+ retinas taken at e17.5,
a developmental time point when these Sema6A-expressing On
DSGCs normally establish connections with the MTN in vivo
(Yonehara et al., 2008), in dishes coated with recombinant
PlexA2 or PlexA4 ectodomain protein presented in stripes. After
2 days in vitro, we found that these explants extend GFP+ neu-
rites, and that these neurites do not exhibit any preference
when growing on alternating AP-Fc/BSA stripes (Figures 6E,6E0, and S7B; quantified in Figure 6K). This shows that the AP-
Fc control ligand does not attract or repel SPIG1::GFP+ neurites.
However, when SPIG1::GFP; Sema6A+/+ explants were grown
on plates coated with alternating PlexA2Ecto-Fc/BSA or
PlexA4Ecto-Fc/BSA recombinant protein stripes (Figures 6F
and 6G, respectively), they extended GFP+ neurites on the
PlexAEcto stripes (yellow filled arrowheads in Figures 6F and
6G, and also in Figures S7C, S7D, and S7H–S7M; quantified in
Figure 6K), showing that the ectodomains of PlexA2 and PlexA4
can robustly attract SPIG1::GFP+ axons. To visualize GFP neu-
rites, we also stained the explants with antibodies directed
against neuron-specific b-III tubulin (TujIII; Figures S7H0–S7M0)
(Matsuoka et al., 2011a; Thompson et al., 2006). We found that
there are GFP TujIII+ neurites extending from1/2 of the retinal
explants that do not exhibit preferences for PlexA2Ecto or
PlexA4Ecto stripes (yellow open arrowheads in Figures S7H0
and S7I0, and in Figures S7K0 and S7L0; 8/17 explants for
PlexA2Ecto stripes, and 12/21 explants for PlexA4Ecto stripes).
We also found in 1/2 of the explants that GFP TujIII+ neurites
preferentially grew on PlexAEcto stripes (red open arrowheads inNeuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc. 979
Figures S7J0 and S7M0; 9/17 explants for PlexA2Ecto stripes, and
9/21 explants for PlexA4Ecto stripes). Therefore, PlexA2/A4 ecto-
domain recombinant protein can also attract some SPIG1::GFP
RGC axons extending from these ventral retina explants. This
may reflect the ability of SPIG1::GFP+ neurites to influence other
RGC axons such that they follow along onto PlexA2Ecto stripes,
or perhaps the ability of additional RGC populations to be
attracted by PlexAEcto proteins. Taken together, these results
show that PlexA2 and PlexA4 ectodomains are sufficient to
strongly attract Sema6A+ On DSGC axons in vitro.
Is PlexA2/A4-induced attraction of SPIG1::GFP+ axons medi-
ated by Sema6A? We addressed this point with stripe assays
using ventral retina explants derived from SPIG1::GFP;
Sema6A/ mice (Figures 6H–6J0). Overall, GFP+ neurite
outgrowth is the same in SPIG1::GFP; Sema6A/ and SPIG1::
GFP; Sema6A+/+ retina explants (Figures S7E–S7G; quantified
in Figure S7N). However, we observed in the absence of Sema6A
that axons extending from SPIG1::GFP; Sema6A/ retinal ex-
plants were no longer attracted by PlexA2 or PlexA4 ectodo-
mains; GFP+ neurites extended freely over PlexA2/A4Ecto+ and
control stripes (Figures S7E–S7G and 6H–6J; quantified in Fig-
ure 6K), indicating that Sema6A is required in SPIG1::GFP+ On
DSGC axons to mediate attraction by PlexA2 or PlexA4 ectodo-
mains. In addition, we observed that GFP TujIII+ neurites from
Sema6A/ explants do not exhibit preferential growth on
PlexA2/A4Ecto+ stripes (Figure S7O). Taken altogether, our re-
sults strongly suggest that Sema6A functions as a receptor in
On DSGCs that signals attraction by PlexA2/A4, thereby guiding
On DSGCs to their appropriate AOS target during visual system
development.
Sema6A-PlexA2/A4 Signaling Mediates OKR Behavior
On DSGC-MTN connectivity is critical for the normal vOKR
response, whereas On DSGC-DTN/NOT connections drive the
hOKR (Masseck and Hoffmann, 2009). We therefore asked
whether the specific disruption of AOS retinorecipient targeting
in Sema6A/ and PlexA2/;PlexA4/ mutants affects the
vOKR and/or hOKR. In Sema6A/ mutants, in which RGC pro-
jections to the DTN are reduced and innervation to the MTN is
greatly compromised (Figures 2 and S2), OKR analysis (Cahill
and Nathans, 2008) shows that vOKR responses are completely
absent (right panel in Figure 7A; quantified in the middle and the
right panels of Figure 7B; eye tracking movements [ETMs] per
30-s test interval were 9.11 ± 1.16 for Sema6A+/, and 1.06 ±
1.05 for Sema6A/, mean ± SD; p < 0.0001). In contrast,
Sema6A/ mutants display a modestly reduced number of
hOKR responses (left panel in Figure 7A; quantified in the left
and the right panels of Figure 7B; 11.502 ± 1.74 for Sema6A+/,
and 5.71 ± 2.23 for Sema6A/, mean ± SD; p < 0.001). There-
fore, Sema6A/ mutants exhibit a slightly reduced hOKR, but
virtually no vOKR, in line with the modest defects in DTN
targeting and the severe defects in MTN targeting displayed by
Sema6A/ On DSGC axons.
We also determined whether loss of Sema6A affects pupil
constriction. Sema6A is not required for RGC projections to
the OPN (Figure S2), a nucleus that is important for the pupillary
light reflex. Consistent with our anatomical analyses,Sema6A/
mutants have a normal pupillary light reflex (Figure 7C; pupil area980 Neuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc.(mean ± SD) in the dark, 16.81 ± 2.47 mm2 for Sema6A+/, and
14.45 ± 1.75 mm2 for Sema6A/, p = 0.1368; in the light,
1.77 ± 0.18 mm2 for Sema6A+/, and 1.53 ± 0.67 mm2 for
Sema6A/, p = 0.5761). These results show that Sema6A is crit-
ical for select visual system responses.
PlexA2/; PlexA4/ double mutants phenocopy Sema6A/
mutants with respect to On DSGC-MTN innervation, but they
also exhibit much more severe On DSGC-DTN-targeting
phenotypes (Figure 5). To address PlexA2 and A4 involvement
in OKR responses, we performed behavioral tests in PlexA2+/;
PlexA4+/, PlexA2/, and PlexA2/; PlexA4/ animals. Com-
pared to PlexA2+/; PlexA4+/ control animals, PlexA2/
mutants exhibit similar vOKRs and hOKRs (Figure 7D, top and
middle rows; quantified in Figure 7E), consistent with their
normal AOS retinorecipient targeting (Figures 4, 5, and S5) and
post hoc anatomical analyses in these same animals of MTN
and DTN innervation (Figures S8A–S8D and S8I–S8L). In
contrast,PlexA2/; PlexA4/ double-mutant mice show signif-
icantly diminished hOKRs and vOKRs (bottom row in Figure 7D,
quantified in Figure 7E), and in almost all of these same mice we
observe loss of projections to the DTN and the MTN (Figures
S8M–S8P and S8E–S8G). In our behavioral tests we observed
one PlexA2/; PlexA4/ mouse that still retained a vOKR
(mouse #8,191, mean vOKR = 4.6875 ETM/30 s; black arrow in
Figure 7E). Our subsequent anatomical analysis revealed that
there were limited projections to the MTN in this animal (Fig-
ure S8H), supporting a requirement for intact On DSGC-MTN
circuitry for this specific AOS function. Taken together, these re-
sults show that PlexA2 and PlexA4 act in concert to direct reti-
norecipient connectivity in the AOS critical for both hOKR and
vOKR responses.
DISCUSSION
There are over 20 types of RGCs that convey information to
discrete brain targets. Little is known, however, about how
different types of RGCs target specific brain regions. Here we
identify a guidance cue signaling pathway that is critical for the
establishment of neural connectivity between RGCs involved in
the perception of self-motion and their central targets in the
AOS. We found that the transmembrane protein Sema6A is an
On DSGCmarker and is required for On DSGC-MTN innervation
in vivo. PlexA2 and PlexA4, expressed by cells in the MTN, serve
as ligands and signal through receptor Sema6A to attract On
DSGC axon connections with the MTN. The connectivity medi-
ated by PlexA2/A4-Sema6A reverse signaling facilitates the
vOKR, a critical AOS function (Figure 8).
The establishment of RGC-central brain target connectivity
relies on a series of developmental events that includes initial ret-
inorecipient targeting and further refinement of these connec-
tions (Haupt and Huber, 2008). DSGC axons that target the
MTN extend either via the inferior (upward-preferring) or the
superior (downward-preferring) fasciculi of the accessory optic
tract, and therefore these two DSGC types must respond to
distinct environmental cues to ultimately establish connections
with specific MTN regions. In Sema6A/mutants, SPIG1::GFP+
On DSGC axons arrive in the vicinity of their target during
mid-embryogenesis; however, they exhibit a much broader
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Figure 7. Loss of PlexA2/A4-Sema6A Sig-
naling Compromises OKR Responses
(A) OKR of Sema6A+/ (top) and Sema6A/ mice
(bottom) measured by infrared imaging of eye
position in response to horizontal (left two col-
umns) or vertical (right two columns) motion of
black and white stripes during a 30-s time interval
(indicated by the striped pattern at the top of each
panel). Prior to and following the stimulus interval
there are two 30-s periods with no moving stimuli.
Asymmetric saw-tooth eye tracking movements
(ETMs) illuminate the OKR. Sema6A/ mutants
retain significant horizontal OKR responses (left
panel), but exhibit no vertical OKR (right two
panels).
(B) Quantification of the average number of ETMs
(each ETM is defined as a slow tracking movement
followed by a rapid saccade) per 30-s interval.
Left panel, horizontal OKR of Sema6A+/ and
Sema6A/ animals. Middle panel, vertical OKR in
Sema6A+/ and Sema6A/ animals. Right panel,
quantification and comparison of horizontal OKR
and vertical OKR among Sema6A+/, Sema6A/,
and PlexA2/ mice.
(C) Pupil light reflex (PLR) test (measured by pupil
area, mm2) of Sema6A+/ and Sema6A/ mice
showing that Sema6A/ mutants have normal
PLR responses.
(D) Representative horizontal OKR (left two col-
umns) and vertical OKR (right two columns) re-
sponses in PlexA2+/;PlexA4+/ (upper row),
PlexA2/ (middle row), and PlexA2/;PlexA4/
animals (bottom row). PlexA2/;PlexA4/ ani-
mals exhibit loss of both horizontal and vertical
OKR responses.
(E) Quantification of the horizontal and vertical
OKRs in PlexA2+/;PlexA4+/, PlexA2/, and
PlexA2/;PlexA4/ animals. Left panel, mean
values for each mouse tested for OKR. The single
PlexA4/;PlexA2/ mouse that showed signifi-
cant vertical ETMs (mouse #8,191, which shows
limited MTN innervation; Figure S8H) is indicated
by a black arrow. Right panel, mean ± SD for each
genotype; statistically significant p values are
shown.innervation pattern compared to controls. These results show
that Sema6A is essential at a relatively late step for mediating
On DSGC target recognition, after other guidance molecules
have guided On DSGC axons along their trajectories to this
select midbrain region during early embryogenesis. Loss of
Sema6A results in observable declines in MTN-innervating
RGC cell numbers several days after the onset of RGC-MTN
innervation defects. Thus, On DSGC cell loss is likely a second-
ary consequence of the On DSGC-MTN innervation phenotype.
It remains to be determinedwhether or not Sema6A-PlexinA2/A4
signaling provides a pro-survival signal to On DSGCs that inner-
vate the MTN.
We previously showed that Sema6A is a repellent cue that
functions exclusively through the PlexA2 receptor to regulate
SAC dendritic stratification and arborization (Sun et al., 2013).
However, here we find that global deletion of PlexA2, and also
select loss of PlexA2 in the retina, does not affect DSGC-MTN
innervation. This shows that PlexA2 expressed by SACs is notrequired for Sema6A-mediated On DSGC-MTN innervation,
and it also suggests that distinct ligand-receptor combinations
are utilized to achieve functional connectivity in distinct DS cir-
cuits. We observed that PlexA2 and another Sema6A binding
partner, PlexA4, function together, most likely in redundant
fashion, to direct AOS retinorecipient targeting, providing addi-
tional evidence that plexin receptors act in concert to regulate
semaphorin-dependent visual system development (Matsuoka
et al., 2011a).
Transmembrane semaphorins, which were originally identified
as ligands, can function as receptors and mediate ‘‘reverse
signaling.’’ For example, the Drosophila transmembrane sema-
phorin 1a (Sema-1a) serves as a receptor during olfactory circuit
assembly (Komiyama et al., 2007; Sweeney et al., 2011), visual
system development (Cafferty et al., 2006; Yu et al., 2010), and
motor axon pathfinding (Jeong et al., 2012). In vertebrates, sem-
aphorin 6D (Sema6D) functions as a receptor for PlexA1 and
regulates myocardial patterning during cardiac developmentNeuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc. 981
AB
Figure 8. PlexA2/A4-Sema6A Signaling
Guides the Functional Assembly of
Mammalian AOS Connections
(A) During late embryonic development, subsets
of On DSGCs express the transmembrane
protein Sema6A, arrive at the MTN target region,
and are attracted by cells in the MTN that
express PlexA2 and PlexA4. PlexA2 and A4
serve as attractive ligands and signal through
Sema6A to stabilize On DSGC-MTN innervation.
Accurate connections between On DSGC axons
and the MTN ensure correct assembly of AOS
circuits critical for mediating the vertical OKR
response.
(B) In Sema6A/ single mutants and PlexA2/;
PlexA4/ double mutants, On DSGC axons fail
to correctly target the MTN and subsequently
exhibit cell loss in the retina, thereby resulting in
diminished vertical OKR responses. In addition,
PlexA2/;PlexA4/ double mutants show de-
fects in RGC-DTN innervation, in line with the
defective horizontal OKR responses observed in
these double mutants (data not shown).(Toyofuku et al., 2004). Sema6A is also expressed by LGN neu-
rons and is required for the elaboration of thalamocortical con-
nectivity (Leighton et al., 2001; Little et al., 2009), suggesting
that vertebrate transmembrane semaphorins also function as re-
ceptors during nervous system development. This idea receives
support from a recent study showing that Sema6B functions as
an axon guidance receptor in chick spinal cord commissural
axons for floor plate-derived PlexA2 (Andermatt et al., 2014). In
our present study, we demonstrate that Sema6A is expressed
in the On DSGCs that innervate the MTN, whereas PlexA2
and A4 are expressed by their target cells in the MTN, and
not in any RGCs. In vitro, On DSGC axons extending from
SPIG1::GFP+ RGCs preferentially extend along PlexA2- or
PlexA4-coated surfaces, and this attractive response is depen-
dent upon Sema6A expression in these DSGCs. Our expression
analyses, loss-of-function genetic analyses in vivo, and in vitro
RGC axon guidance assays strongly suggest that PlexA2/A4
expressed by cells of the MTN function as attractive cues to
facilitate retinorecipient targeting of Sema6A+ On DSGCs. These
observations provide strong in vivo support for ‘‘reverse
signaling’’ by transmembrane semaphorins in the vertebrate ner-
vous system, with plexins serving as attractive ligands. PlexA2/
A4-Sema6A reverse signaling during AOS circuit assembly
may also provide a platform to investigate the underlying
signaling mechanisms utilized by transmembrane semaphorins
to regulate neural development.
We find that Sema6A is expressed by On DSGCs, but not
by TRHR-GFP+, DRD4-GFP+, or CART+ On-Off DSGCs. This
restricted Sema6A expression is consistent with our observation
that Sema6A is not required for retinorecipient targeting by sub-
sets of On-Off DSGCs, and that Sema6A is also not required for
the survival of most On-Off DSGC cells. Thus, functionally
related RGCs, in this case On DSGCs and On-Off DSGCs,
have unique protein expression profiles allowing them to employ982 Neuron 86, 971–984, May 20, 2015 ª2015 Elsevier Inc.distinct molecular mechanisms to achieve correct retinoreci-
pient targeting. This is underscored by our observations here
of various RGC populations in the Sema6A/ mutant back-
ground, revealing that the retinorecipient targeting to many, if
not all, main optic system brain targets remains unchanged in
Sema6A/ mutants. These results show that the AOS utilizes
a select cohort of molecules to direct retinorecipient innervation,
perhaps reflecting the distinct origins and unique circuitry that
define the AOS.
In addition to MTN targeting defects, we find that PlexA2/;
PlexA4/ double mutants exhibit highly penetrant RGC-DTN
targeting phenotypes. Furthermore, the hOKR, a visual behavior
mediated by On DSGC-DTN/NOT innervation, is almost com-
pletely compromised in these double mutants. These hOKR
deficits are in contrast to Sema6A/ mutants, in which the
RGC-DTN innervation and hOKRs are much less affected.
Therefore, we propose that other guidance cue receptors likely
function along with Sema6A to mediate PlexA2/A4-dependent
RGC-DTN targeting. In this regard it is interesting to note that
an accompanying paper (Osterhout et al., 2015 [this issue of
Neuron]) shows that the immunoglobulin (Ig) superfamily mem-
ber contactin-4 (CNTN4) and the amyloid precursor protein
(APP) together are required in On DSGCs for innervation of the
NOT, but not innervation of the MTN. These proteins function
to regulate the arborization of On DSGC axons within the NOT,
and loss of CNTN4 or APP results in OKR defects. It will be inter-
esting to determine the complete array of guidance cues
required for functional AOS connectivity and the degree to which
they independently or together regulate RGC axon target selec-
tion and arborization.
Our observations showing that PlexA2/A4-Sema6A signaling
controls critical aspects of AOS development and function pro-
vide insight into the molecular mechanisms governing AOS cir-
cuit assembly between the retina and midbrain nuclei. Further,
they provide a foundation for describing unique AOS RGC sub-
types. Future work will determine whether similar molecular
machinery facilitates retinorecipient targeting by other RGC
classes, and whether non-visual system neuronal cell types in
the CNS also employ similar targeting mechanisms.
EXPERIMENTAL PROCEDURES
Animals
The day of vaginal plug observation was designated e0.5, and the day of birth
in this study was designated P0. Semaphorin 6A/ (Sema6A/), plexin A1/
(PlexA1/), plexin A2/ (PlexA2/), plexin A3/ (PlexA3/), plexin A4/
(PlexA4/), plexin A2f (PlexA2f), neuropilin1f (Nrp1f), neuropilin 2/ (Nrp2/),
and Six3-Cre mouse lines were described previously (Sun et al., 2013). The
GFP knockin line SPIG1::GFP and GFP BAC transgenic lines (Hoxd10-GFP,
TRHR-GFP, DRD4-GFP, CB2-GFP, and Cdh3-GFP) were described previ-
ously (Dhande et al., 2013; Huberman et al., 2008b, 2009; Kay et al., 2011;
Osterhout et al., 2011; Rivlin-Etzion et al., 2011; Yonehara et al., 2008,
2009). The Sox2-Cre mouse line (stock number: 004783) and ROSALacZ/+ re-
porter mouse line (stock number: 003309) were obtained from The Jackson
Laboratory. This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of
the NIH. The protocol was approved by the Animal Care and Use Committee
of the Johns Hopkins University School of Medicine (protocol number
MO14M50).
Immunohistochemistry
Primary antibodies used in this study include the following: goat anti-mouse
Sema6A (R&D Systems, 1:200), rabbit anti-GFP (Life Technologies, IgG frac-
tion, 1:1,000), rabbit anti-GFP (Life Technologies, serum, 1:1,000), chicken
anti-GFP (Aves, 1:1,000), rabbit anti-CART (Phoenix Pharmaceuticals,
1:1,000), goat anti-ChAT (Millipore, 1:200), TO-PRO3 (Life Technologies,
1:500), rabbit anti-cleaved Caspase 3 (Asp 175) (5A1E; cat# 9664S, RRID:
AB_331453) (Cell Signaling Technology, 1:200), rabbit anti-Brn3b (gift from
Dr. Jeremy Nathans, 1:200), rabbit anti-plexinA2 (gift from Dr. Fumikazu
Suto, 1:200), Armenian hamster anti-plexinA4 (gift from Dr. Fumikazu Suto,
1:200), and mouse anti-TujIII (Promega, 1:1,000).
Whole-Mount Retina Staining
Whole-mount retina ICC was performed as previously described (Sun et al.,
2013).
CTB Injection
Bilateral CTB injection was performed as previously described (Riccomagno
et al., 2014). Briefly, the adult animals were anesthetized using isophorone
and then injected with 2 ml CTB-Alexa-555 or CTB-Alexa-488 (Life Technolo-
gies, 1 mg/mL) bilaterally into the vitreous of each eye.
Stripe Assay
The axon guidance stripe assay was performed as previously described (Sun
et al., 2013).
OKR Measurement
The OKR apparatus and recording methodology are as previously described
(Cahill and Nathans, 2008).
SUPPLEMENTAL INFORMATION
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